True understanding of dispersion interaction in solution remains elusive because of difficulty in the precise evaluation of its interaction energy. Here, the effect of substituents with different polarizability on dispersion interactions in water is discussed based on the thermodynamic parameters determined by isothermal titration calorimetry for the formation of discrete aggregates from gear-shaped amphiphiles (GSAs). The substituents with higher polarizability enthalpically more stabilize the nanocube, which is due to stronger dispersion interactions and to the hydrophobic effect. The differences in the thermodynamic parameters for the nanocubes from the GSAs with CH 3 and CD 3 groups are also discussed to lead to the conclusion that the H/D isotope effect on dispersion interactions is negligibly small, which is due to almost perfect entropy-enthalpy compensation between the two isotopomers.
T he dispersion force is a ubiquitous attractive interaction between atoms or molecules in close vicinity, as the potential energy of dispersion interaction (U) is expressed by U ∝ r -6 , where r is the contact distance 1 . The dispersion force is branded as one of the weakest molecular interactions. However, as seen in gecko's foot for example 2, 3 , nature efficiently utilizes this molecular interaction. Such splendid examples have recently stimulated the utilization of dispersion interaction in artificial systems [4] [5] [6] [7] [8] [9] [10] [11] [12] . As the theoretical formalism of dispersion interactions indicates (U(r) ∝ α A ·α B /r 6 , where α A , α B , r are the polarizabilities of atoms A and B, and their distance, respectively), a large dispersion interaction works between two atoms with high polarizability 13 . However, the long atomic distances between such atoms with large atomic radius diminish the effect of polarizability 14 . Moreover, many-body interactions among molecules with more complex shape than spherical atoms make understating of dispersion interactions between molecules unclear. The dispersion interaction between two atoms or small molecules is too weak to evaluate its interaction energy 15 . The solvation of the molecules of interest, which contains more or less dispersion and other molecular interactions between solvent and solute, disturbs quantitative evaluation of the dispersion interactions between the solutes. Therefore, true understanding of dispersion interaction in solution remains elusive.
Here we report the polarizability effect on dispersion interactions in water based on the thermodynamic parameters determined by isothermal titration calorimetry (ITC) for discrete hydrophobic assemblies from structurally similar building blocks that possess substituents with different polarizability (CH 3 , Cl, Br, and I). It was found that the association constant for the formation of the aggregates assembled from gear-shaped building blocks containing substituents with different polarizability was significantly altered (10 18 -10 25 M -5 ) and that the assemblies with more polarizable substituents are enthalpically more stable, which is due to dispersion interactions with the contributions from the hydrophobic effect to some extent. On the other hand, enthalpically more stabilized assemblies are entropically destabilized. As the enthalpic contribution is larger than the entropic disadvantage, the introduction of polarizable substituents leads to thermodynamically more stable assemblies in water. The H/D isotope effect on dispersion interactions, whose understanding is still under discussion, was also investigated. The differences in ΔH and ΔS values for the nanocubes with protiums (H) and with deuteriums (D) are as small as the experimental errors, indicating that the H/D isotope effect on dispersion interaction is negligibly small.
Results
Molecular design of building blocks. Previously, we reported cube-shaped discrete molecular self-assemblies, i.e., nanocubes, from gear-shaped amphiphiles (GSAs) in water 16, 17 . The main driving force of the self-assembly of the nanocubes is the hydrophobic effect, but weak intermolecular interactions such as dispersion 18 and cation-π 19 interactions also significantly contribute to the stability of the nanocubes. The accumulation of multiple weak interactions give rise to great thermal stability of the nanocubes, which do not disassemble into the monomers at all at even higher temperature than the boiling point of water 17 . These stable nanocubes are attractive for their use towards molecular functions 20, 21, 22 , but their extremely high stability prevents us from determining the thermodynamic parameters for the self-assembly of the nanocubes to precisely discuss the effect of the weak intermolecular interactions. To slightly decrease the stability of the nanocube, we designed GSAs where a methoxy group is introduced on the periphery of the hexaphenylbenzene (HPB) core ( Fig. 1a ). When the methoxy group of 1-CH 3 is replaced with a benzene ring, the resulting nanocube from this GSA is very stable (decomposition temperature is 130°C) due to triply stacked cation-π interactions, where the benzene ring is placed in between the two pyridinium rings (Py + ) 17 .
The symmetry of the nanocube belongs to an S 6 point group (Fig. 1b) ; all the six GSAs in the nanocube are chemically equivalent. The symmetry of each GSA in the nanocube is C 1 , indicating that all the three substituents X in the GSA are chemically inequivalent. If we compare the nanocube to the Earth, one of the substituents (X) in the GSA is placed around the poles, while the other two reside on the equator (red broken line in Fig. 1b ). According to the energy-minimized structure of the (1-CH 3 ) 6 nanocube that was optimized from the crystal structure of the nanocube reported previously (the methoxy group in 1-CH 3 is replaced with 3-pyridyl group) 16 , the three chemically inequivalent substituents (X) contact with the molecular surface of other GSAs in the nanocube ( Fig. 1c ), suggesting that the dispersion interactions around X play a significant role on the stability of the nanocube. As the twelve substituents (X) along the equator (X E ) are denser than the six substituents around the poles (X P ), the dispersion interactions (X···X and X···π) around X E is likely to be stronger 23 .
The dispersion interactions and the hydrophobic effect around X in the nanocube are simply expressed by the following equation.
where A indicates X or aromatic rings in the GSA that interact with X. S indicates solvent molecules (H 2 O). Thus, the free energy change in Eq. (1) is expressed by Eq. (2).
The energy difference between the nanocubes with the substituents X 1 (ΔG(X 1 )) and X 2 (ΔG(X 2 )), which is indicated as ΔΔG, is expressed by Eq. (3).
where ΔG disp and ΔG solv are defined as follows:
The contribution of the hydrophobic effect is proportional to the desolvation surface area [24] [25] [26] [27] [28] [29] [30] [31] [32] , which is the difference in the solvent accessible surface areas (SAS) between the monomers and the aggregate (ΔSAS), and is estimated to be 100-200 J mol −1 Å −2 . Thus, when the substituents (X 1 and X 2 ) have a similar size, ΔSAS is negligibly small to lead to ΔG solv ≈ 0. In this case, the change in the thermodynamic stability of the nanocubes assembled from a series of GSAs with different substituents (X) allows us to discuss dispersion interactions based on the thermodynamic parameters for the formation of the nanocubes. However, the size of substituents (X = CH 3 , Cl, Br, and I) is inevitably different, so the experimentally obtained ΔΔG values should contain the contribution of the hydrophobic effect to some extent. Although the difference in the ΔSAS values between the nanocubes assembled from GSAs ((1-X) 6 (X = CH 3 , CD 3 , Cl, Br, and I)) is less than 125 Å 2 , which is about 7% of the ΔSAS for the nanocubes (Table 1) , the experimentally obtained free energy changes of the nanocubes are largely different, ranging from -103 to -143 kJ mol -1 . Under the assumption that the difference in the ΔG values is caused by only the hydrophobic effect, the contribution of the hydrophobic effect per Å 2 is calculated to be 320 J mol -1 Å -2 , which is 1.6-3.2 times larger than the hydrophobic contribution reported in the previous research. [24] [25] [26] [27] [28] [29] [30] [31] [32] Therefore, the contribution from the hydrophobic effect cannot perfectly be excluded in this system, but the difference between the ΔG values for the nanocubes is certainly affected by the difference in the polarizability of the substituent X.
The advantage of the use of the nanocubes to discuss weak intermolecular interactions is that even though the stabilization energy arising from one substituent X is as small as is difficult to evaluate, such a very small contribution can be accumulated by 18 atoms or groups of X in the nanocubes to lead to detectable energy differences. Furthermore, the dispersion interactions can be discussed based on the thermodynamic parameters determined by dilution ITC measurement for the self-assembly of the nanocubes.
Self-assembly of nanocubes from gear-shaped amphiphiles. Six C 2v -symmetric GSAs (1-X (X = CH 3 , CD 3 , Cl, Br, I, and D)) designed in this research ( Fig. 1a ) were synthesized based on two strategies using (1) alternately trilithiated HPB derivatives 33,34 for 1-CH 3 , 1-CD 3 , 1-Br, 1-I, and 1-D and (2) pentasubstituted pyrylium salts 35 for 1-Cl (Supplementary Methods). Although the 1 H NMR spectra of the GSAs (1-CH 3 , 1-Cl, 1-Br, and 1-I) measured in CD 3 OD showed simple patterns, indicating the monomers, those measured in D 2 O were more complicated than expected from C 2v -symmetric GSA structures. The aliphatic (methoxy, N-methyl, and p-tolyl (for 1-CH 3 )) and some of the aromatic proton signals appeared further upfield compared to those of the monomers, suggesting the formation of molecular aggregates by the hydrophobic effect. The 1 H NMR spectrum of 1-CH 3 in D 2 O showed chemically inequivalent three p-tolyl methyl signals in a 1:1:1 ratio and two N-methyl signals in a 1:1 ratio ( Fig. 2) . Similarly, only one set of two kinds of N-methyl signals in a 1:1 ratio was observed in the 1 H NMR spectra of other GSAs (1-Cl, 1-Br, and 1-I) in D 2 O. These 1 H NMR spectral patterns are consistent with the C 1 -symmetric GSA in the crystal structure of the nanocube reported previously 16 ( Fig. 1c and Supplementary Fig. 27 ). 1 , which is similar to that of the previously reported nanocube (D = 1.28 × 10 -10 m 2 s -1 ) 17 . ESI-TOF mass spectrometry of aqueous solutions of the GSAs except 1-Cl in the presence of H 2 SO 4 17 detected the signals of the hexamers as negatively charged species ( Supplementary Fig. 21 and Supplementary Table 1 ). These results indicate that GSAs (1-CH 3 , 1-Cl, 1-Br, and 1-I) assembled into hexameric aggregates (the nanocubes) in water.
The 1 H NMR spectrum of 1-D in D 2 O showed broadening of the signals, some of which were slightly shifted upfield. These results suggest that 1-D also assembled into a certain aggregate by the hydrophobic effect. The D value of the aggregate from 1-D in D 2 O (1.63 × 10 -10 m 2 s -1 ) is larger than that of the nanocubes ( Supplementary Fig. 17 ). ESI-TOF mass measurement of an aqueous solution of 1-D with H 2 SO 4 showed the signals of the hexamer. Although a clear 1 H NMR spectrum was not obtained even at a low temperature (283 K) ( Supplementary Fig. 16 ), the addition of 1,3,5-tribromomesitylene in an aqueous solution of 1-D led to a clear 1 H NMR spectrum of the nanocube that encapsulates two guest molecules in its hydrophobic cavity 16, 17 ( Supplementary  Fig. S15 ). These results indicate that the aggregate assembled from 1-D in D 2 O, which would be the (1-D) 6 nanocube, is structurally more dynamic and less stable. The solvent accessible surface (SAS) area of 1-D, 1125.6 Å 2 , is comparable with those of the other GSAs (1186.8-1234.5 Å 2 ) and the shape of GSA 1-D is very similar to those of the other GSAs (Table 1) . Thus, if only the hydrophobic effect determines the stability of the nanocubes, the (1-D) 6 nanocube should be more stable than observed. Therefore, the stabilization of the nanocubes is affected not only by the hydrophobic effect (mainly determined by the number of desolvated water molecules) but also by other attractive interactions (dispersion interactions) working around the substituents X in the nanocubes. It is worth mentioning that the result that 1-D assembled into the nanocube without help of the dispersion interactions around the substituents (X) suggests that the entropic penalty of the assembly of the GSAs has already been paid by the aggregation of the core part of the GSAs, which mainly causes the hydrophobic effect. Thus, the introduction of more polarizable substituents (X) in the GSAs stabilizes the nanocubes by stronger dispersion interactions and the hydrophobic effect.
Polarizability effect on the thermodynamic stability of the nanocubes. Thermodynamic parameters for the self-assembly of the nanocubes from GSAs (1-CH 3 , 1-Cl, 1-Br, and 1-I) were determined by dilution ITC measurements 17 (Table 1, Supplementary Figs. 22, 24-26 and Supplementary Tables 2, 4 -6) . In all cases, the experimental data could be analyzed as the transition between the monomers and the hexamer, which is consistent with the observation of only the two states by variable-temperature 1 H NMR spectroscopy 17 . The thermodynamic parameters for 1-D could not be determined because of the low stability of its aggregate. For the hydrophobic assembly, ΔG value linearly correlate with ΔSAS 24-32 . In the case of the nanocubes with different substituents, although ΔSASs for the nanocubes are similar, their free energy changes for the self-assembly are largely different ( Fig. 3a) , suggesting that the change in the thermodynamic stability of the nanocube with different substituents (X) arises mainly from dispersion interactions around the substituents. The -ΔG value for 1-CH 3 is plotted higher than the linear relation for the nanocubes with halogen atoms (1-Cl, 1-Br, and 1-I) (Fig. 3a) , which is partly due to the difference in the polarity of halogen atoms and methyl group. As more polar halogens are hydrated better than methyl groups, the assemblies are more stabilized by the desolvation of water molecules around less polar substituents.
When the dispersion interactions around substituents (X) contribute to the stability of the nanocubes, the enthalpy change (ΔH) should correlate with the polarizability of the substituents (X) 36 , which is true as shown in Fig. 3b . If we assume that the contributions of the three chemically inequivalent substituents (X) of the GSA to the dispersion interactions in the nanocube are the same, the dispersion interaction arising from one substituent changes linearly with the difference in the polarizability of X (1.24 × Δα kJ mol -1 ).
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It was also found that the ΔH values linearly correlate with ΔSAS. This is mainly because the polarizability of the substituents (X) linearly correlates with ΔSAS. This relation is reasonable because more polarizable atom has larger atomic radius, so the ΔSAS value of the nanocube with more polarizable substituents is larger. Therefore, the change in the ΔH values by the substituents may partly contain the contribution of ΔSAS (the hydrophobic effect).
The entropy change for the self-assembly is positive for all the nanocubes, which is mainly due to the hydrophobic effect. The entropic substituent effect on the contribution to the stability of the nanocubes opposes the enthalpic one (Table 1) , which is qualitatively explained by entropy-enthalpy compensation 37, 38 ; stronger binding gains a larger negative enthalpy change, while such tight binding restricts the translational and rotational freedom to lead to entropic disadvantage. In other words, the GSAs in the nanocube assembled from the GSAs with highly polarizable substituents (X) more tightly engage with each other by stronger dispersion interactions around X. The entropy change in the self-assembly of the nanocube in water is mainly composed of two factors: (1) the positive entropy change caused by desolvation of the energetically destabilized water molecules on the GSA surface (the hydrophobic effect) and (2) the negative entropy change caused by the restricted translational and rotational motions of the GSAs upon the self-assembly of the nanocube. As ΔSAS areas for the nanocubes are similar, the hydrophobic effect on the entropy change should also be similar. Fig. 3 Thermodynamic stability of the nanocubes. a A plot of log K a values for the formation of the nanocubes ((1-CH 3 ) 6 , (1-Cl) 6 , (1-Br) 6 , and (1-I) 6 ) against the desolvation surface area (ΔSAS). Although ΔSAS for (1-CH 3 ) 6 , (1-Cl) 6 , (1-Br) 6 , and (1-I) 6 are similar, their stabilities are significantly different, indicating that the difference in the thermodynamic stabilities of the nanocubes is not due to the hydrophobic effect but to the dispersion interactions around the substituents (X). b A plot of the enthalpy change of the self-assembly of the nanocubes ((1-CH 3 ) 6 , (1-Cl) 6 , (1-Br) 6 , and (1-I) 6 ) against the polarizability of X. For (1-CH 3 ) 6 , the polarizability of CH 4 was used. Error bars indicate the standard deviation. c The distribution of the contact surface area (dA(D)) against the contact distance (D) (SAVPR) for the nanocubes (1-CH 3 ) 6 , (1-Cl) 6 , (1-Br) 6 , and (1-I) 6 .
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In order to analyze the molecular meshing between the GSAs in the nanocubes, SAVPR (surface analysis with varying probe radii) 18 was carried out. SAVPR shows the distribution of the contact surface area as a function of contact distance. As the size of a water molecule is as large as a sphere whose diameter is 2.8 Å, SAVPR for the contact distance shorter than 2.8 Å enables us to discuss the effect of molecular meshing (dispersion interactions), excluding the hydrophobic contribution. In molecular selfassemblies that have large contact surface area with short contact distances, the building blocks tightly mesh with each other, which are enthalpically favorable but entropically unfavorable. It was found in our previous analysis that the contact surface with contact distance shorter than at least 0.9 Å is important for molecular meshing. 18 Smaller contact surfaces area with short contact distance suggests weaker dispersion interactions, which lead to smaller enthalpy change, and higher motional freedom of the GSAs in the nanocube, which leads to larger entropy change. SAVPR data for the energy-minimized structures of the nanocubes are shown in Fig. 3c . It is obvious that the molecular meshing in the (1-D) 6 nanocube is quite low, which is consistent with its low thermodynamic stability. When we focus on the contact surface area with contact distance shorter than 0.6 Å for the nanocube ((1-CH 3 ) 6 , (1-Cl) 6 , (1-Br) 6 , and (1-I) 6 ), the contact surfaces area with short contact distance increases in the order of (1-CH 3 ) 6 (304 Å 2 ) < (1-Cl) 6 (318 Å 2 ) < (1-Br) 6 (330 Å 2 ) < (1-I) 6 (345 Å 2 ), indicating that GSAs in the nanocube with a smaller entropy change more tightly mesh each other. Consequently, the nanocubes assembled from GSAs with more polarizable substituents (X) are enthalpically more stabilized, while the entropic contribution is smaller in such nanocubes. However, as the enthalpic contribution is larger than the entropic one, stronger dispersion interactions overcome the entropic penalty.
Isotope effect on dispersion interaction. Although a lot of efforts have been made [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] , the H/D isotope effect on intermolecular interactions is still in debate. Under Born-Oppenheimer approximation, the potential energy surfaces of complexes with different isotope(s) are the same, so the difference in the thermodynamic stability between the two isotopomers arises from the vibrational frequency of C-H and C-D bonds. Due to smaller vibrational frequency of C-D bond, the average C-D bond distance is slightly shorter than the C-H bond distance by 0.005 Å and C-H bond is more polarizable than C-D bond [49] [50] [51] . The studies on the encapsulation of protic and deuterated guest molecules in molecular capsules led to the conclusion that CD···π interaction is stronger than CH···π interaction 39, 40, 52 , while those based on chromatographic analysis led to the opposite conclusion 41, 42 . Other studies indicate very small or nondetectable difference between the isotopes 43, [53] [54] [55] .
The H/D isotope effect on dispersion interactions was investigated by comparing the thermodynamic parameters of the (1-CH 3 ) 6 and (1-CD 3 ) 6 nanocubes (Table 1 and Supplementary Figs. 22 and 23 and Supplementary Tables 2 and 3) . ΔG values for the two isotopomers are almost the same, which is consistent with the recent reports 43,53-55 on the H/D isotope effect. The differences in the ΔH and ΔS values between the (1-CH 3 ) 6 and (1-CD 3 ) 6 nanocubes are small, but the enthalpy change for (1-CH 3 ) 6 is slightly more negative than that for (1-CD 3 ) 6 , even if the error is 2%, which is suggested for ITC measurements 56 . The smaller ΔH value for (1-CH 3 ) 6 is consistent with the fact that protium is more polarizable than deuterium. Under the assumption that all the substituents (X) equally contribute to the stability of the nanocube, the difference in the enthalpic contribution from one methyl group (ΔΔH) is 0.18 kJ mol -1 . On the other hand, the entropic contribution for (1-CH 3 ) 6 is smaller than that for (1-CD 3 ) 6 , even when 2% of error is assumed. The enthalpic advantage compensates for the entropic unfavorability in (1-CH 3 ) 6 , resulting in very similar free energy changes for the two isotopomers. As a consequence, the dispersion enthalpy for protium is stronger than that for deuterium as is expected from the difference in the polarizability between the two isotopes, but almost perfect entropy-enthalpy compensation leads to a negligibly small difference in the stabilization free energy.
Discussion
In conclusion, the effect of polarizability on the dispersion interactions in water was investigated by comparing the thermodynamic parameters determined by dilution ITC measurements for the formation of discrete aggregates (nanocubes) assembled from GSAs possessing three substituents (X) with different polarizability (X = Cl, Br, I, CH 3 , and CD 3 ). As the desolvation surface areas for the nanocubes are not largely different, the difference in the thermodynamic parameters is affected by the difference in the dispersion interactions of the substituents (X) with different polarizability, though the contribution from the hydrophobic effect contains to some extent. This indicates that the polarizability effect is larger than the atom size effect on the dispersion interaction (U(r) ∝ α A ·α B /r 6 ). The stabilization energy of weak molecular interactions is difficult to precisely determine by experiment. In the molecular self-assembly system presented here, detectable energy differences were obtained by the accumulation of 18 substituents (X) in the nanocube, whose assembly and disassembly are simply expressed as the transition between the two states (monomers and hexamer). The nanocubes were stabilized by the introduction of more polarizable substituents, showing a linear relation between the enthalpy change and the polarizability of X. The enthalpic contribution from more polarizable substituents is greater than the entropic penalty, which results in stronger dispersion interactions with the molecular surface of other GSAs in the nanocube. The H/D isotope effect on dispersion interactions is also interpreted by the polarizability of the two isotopes. In terms of enthalpy, protium makes dispersion interactions slightly stronger than deuterium, but the dispersion free energies caused by the two isotopes are almost the same due to entropy-enthalpy compensation, which is the different behavior between the effect of H/D isotopes and of halogen atoms.
Methods
General. 1 H, 13 C, and 2D NMR spectra were recorded using a Bruker AV-500 (500 MHz) spectrometer. Chemical data are reported in parts per million (ppm, δ scale) downfield from tetramethylsilane (δ 0.00) and are referenced to proton resonance of a residual peak of NMR solvents. The data are presented as follows: chemical shifts, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet and/or multiplet resonances), coupling constants in Hertz (Hz), and integration. Highresolution mass spectra (HRMS) were obtained using a Waters Xevo G2-S QTOF mass spectrometer. Mass spectra of the nanocubes were recorded on a SYNAPT G2-Si HDMS mass spectrometer (Waters, Massachusetts, Milford, USA). Column chromatography was carried out with Merck Silica gel 60 (0.063-0.200 mm) unless otherwise noted. Gel permeation liquid chromatography (GPC) was performed using a Japan Analytical Industry LC-9204 with JAIGEL 2HR + 2.5HR columns using chloroform as a solvent. Dilution isothermal titration calorimetry (ITC) experiments were conducted on a Malvern MicroCal iTC200.
Materials. Unless otherwise noted, all solvents and reagents were obtained from commercial suppliers (TCI Co., Ltd., WAKO Pure Chemical Industries Ltd., KANTO Chemical Co., Inc., and Sigma-Aldrich Co.) and were used as received.
Compound 2 33 and 10 57 were prepared according to the literatures. NMR spectra are available in Supplementary Figs. 28-75 .
ESI-TOF mass measurement of the nanocubes. For the confirmation of the assembly of the nanocubes, electrospray ionization-time-of-flight (ESI-TOF) mass spectrometry was performed according to our previous reports 17 with minor modifications. The concentrations of GSAs containing 1 mM H 2 SO 4 were 0.9 mM. Capillary voltage and backing pressure are 0.93 kV and 0.13 bar. The other conditions are the same as are previously reported. Briefly, mass spectra were recorded on a SYNAPT G2-Si HDMS mass spectrometer (Waters, Massachusetts, Milford, USA) in negative ionization mode with a 0 V sampling cone voltage and source offset voltage, 4 V trap and 2 V transfer collision energy, and 1.5 mL/min trap gas flow. The samples added 1 mM H 2 SO 4 were immediately injected into gold-coated glass capillaries made in house (approximately 5 μL sample loaded per analysis) and measured. The spectra were calibrated using 1 mg/mL cesium iodide and analyzed using MassLynx software (Waters).
Dilution ITC experiments. Dilution isothermal titration calorimetry (ITC) experiments were conducted on a Malvern MicroCal iTC 200 . The calorimetric cell was filled with H 2 O (0.2047 mL). Before every ITC experiment, the concentration of the nanocube in H 2 O solution was determined to be about 2 mM by 1 H NMR measurement with NMe 4 Cl as an internal standard. For one titration experiment, totally 29 injections were performed and in each injection 1 μL of aqueous solution of the nanocube was added except the first injection, 0.2 μL, which was discarded in all the experiments. An interval time of 150 s between each injection was applied to enable equilibration. The dataset was analysed by the modified Wittung-Stafshede's method to determine the dissociation constant K D , the dissociation enthalpy, ΔH D , and the heat of dilution, C 58 . The titration experiments were performed in triplicate to obtain the average value with the standard deviation.
Energy-minimized structure of nanocubes by molecular mechanics calculations. Geometry optimization for nanocubes in water and chloride ions was performed by molecular mechanics (MM) calculation with AMBER16 program package 59 . The X-ray structure of the nanocube (the methoxy group in 1-CH 3 is replaced with 3-pyridyl group) 16 was used as initial coordinate. The substituents on the X-ray structure of the PM nanocube were replaced to appropriate groups to construct the corresponding initial structures. For the nanocubes, we employed the general AMBER force field 60 and restrained electrostatic potential charges 61 , based on the electrostatic potentials calculated with the HF/6-31G(d) method 62 . For water molecules and chloride ions, TIP4P/Ew force field 63 was used. The total numbers of water molecules were 9987, 9994, 9992, 9990, and 9994 for (1-CH 3 ) 6 Cl 12 , (1-Cl) 6 Cl 12 , (1-Br) 6 Cl 12 , (1-I) 6 Cl 12 and (1-D) 6 Cl 12 systems, respectively, and the number of chloride ions was 12. 20 water molecules and 1 chloride ion were encapsulated in the nanocubes. A virtual probe with a radius of 1.4 Å (water-sized) was employed to determine the SAS (solvent accessible surface) of nanocubes and six monomers.
Surface analysis with varying probe radii for the nanocubes. Surface analysis with varying probe radii (SAVPR) 18 was carried out as follows. Surface areas of the assembled and disassembled state, A as (D) and A dis (D), were calculated as the Connolly surface areas of the assembled and disassembled states with a probe sphere with a diameter of D, respectively, using Materials Studio software (version 8.0; Biovia Inc., USA). In this study, dD = 0.02 Å was adopted.
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